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Beyond the scale of spontaneous breaking of chiral symmetry light and strange baryons 
should be considered as systems of three constituent quarks with confining interaction 
and a chiral interaction that is mediated by Goldstone bosons between the constituent 
■ quarks. The flavor-spin structure and sign of the short-range part of the Goldstone boson 
exchange interaction reduces the SU(6)fs symmetry down to SU(3)f X SU(2)s, induces 
hyperfine splittings and provides correct ordering of the lowest states with positive and 
negative parity. A unified description of light and strange baryon spectra calculated in a 
semirelativistic framework is presented. It is demonstrated that the same short-range part 
of the Goldstone boson exchange between the constituent quarks induces a strong short- 
range repulsion in NN system when the latter is treated as 6Q system. Similar to the iViV 
system there should be a short-range repulsion in other NY and YY two-baryon systems. 
.£h I We also find that the compact 6Q system with the "H-particle" quantum numbers lies 
a few hundreds MeV above the AA threshold. It then suggests that the deeply bound 
c3 ' H-particle should not exist. 

1. Spontaneous Breaking of Chiral Symmetry and its Implications 

At low temperatures and densities the S77(3)l x S77(3)r chiral symmetry of QCD 
Lagrangian is spontaneously broken down to S77(3)v by the QCD vacuum (in the large 
N c limit it would be C/(3)l x {7(3)r — > U(3)y). A direct evidence for the spontaneously 
broken chiral symmetry is a nonzero value of the quark condensates for the light flavors 
< \qq\ >^ —(240 — 250MeV) 3 , which represent the order parameter. That this is indeed 
so, we know from three sources: current algebra, QCD sum rules, and lattice gauge 
calculations. There are two important generic consequences of the spontaneous breaking 
of chiral symmetry (SBCS). The first one is an appearance of the octet of pseudoscalar 
mesons of low mass, tt, K, tj, which represent the associated approximate Goldstone bosons 
(in the large N c limit the flavor singlet state rf should be added). The second one is that 
valence (practically massless) quarks acquire a dynamical mass, which have been called 
historically constituent quarks. Indeed, the nonzero value of the quark condensate itself 
implies at the formal level that there should be rather big dynamical mass, which could 
be in general a moment-dependent quantity Thus the constituent quarks should be 
considered as quasiparticles whose dynamical mass comes from the nonperturbative gluon 
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and quark- ant iquark dressing. The flavor-octet axial current conservation in the chiral 
limit tells that the constituent quarks and Goldstone bosons should be coupled with the 
strength g = g^M/f^ 0, which is a quark analog of the famous Goldberger-Treiman 
relation. We cannot say at the moment for sure what is the microscopical mechanism 
for SBCS in QCD. Any sufficiently strong scalar interaction between quarks will induce 
the SBCS (e.g. the instanton - induced interaction contains the scalar part, or it can 
be generated by monopole condensation, etc.). The most general aspects of SBCS such 
as constituent quark mass generation, Goldstone boson creation and their couplings are 
well illustrated by the Nambu and Jona-Lasinio model ||. For the low-energy baryon 
properties it is only essential that beyond the spontaneous chiral symmetry breaking 
scale (i.e. at low resolution) new dynamical degrees of freedom appear - constituent 
quarks and chiral fields which couple together. The low-energy baryon properties are 
mainly determined by these dynamical degrees of freedom and the confining interaction. 

We have recently suggested 0] that in the low-energy regime light and strange baryons 
should be considered as a system of 3 constituent quarks with an effective Q—Q interaction 
that is formed of central confining part and a chiral interaction mediated by the Goldstone 
bosons between constituent quarks. This physical picture allows to understand a structure 
of the baryon spectrum and to solve, in particular, the long-standing problem of ordering 
of the lowest baryons with positive- and negative-parity. 

2. The Goldstone Boson Exchange Interaction and the Structure of Light and 
Strange Baryon Spectra 

The coupling of the constituent quarks and the pseudoscalar Goldstone bosons will 
(in the SU(3)p symmetric approximation) have the form g / (2m)ip'j^'j5X F ■ ipd^cp within 
the nonlinear realization of chiral symmetry (it would be igip^X*' ■ (pip within the linear 
cx-model chiral symmetry representation). A coupling of this form, in a nonrelativistic 
reduction for the constituent quark spinors, will - to lowest order - give rise the ~ a ■ q\ F 
structure of the meson-quark vertex, where q is meson momentum. Thus, the structure 
of the potential between quarks "z" and "j" in momentum representation is 



where D(q 2 ) is dressed Green function for chiral field which includes both nonlinear terms 
of chiral Lagrangian and fermion loops, F(q 2 ) is meson-quark formfactor which takes 
into account the internal structure of quasiparticles. At big distances (<f — ► 0), one has 
D(q 2 ) -> Doff) = -(<f + /I 2 )" 1 ^ oo and F(q 2 ) -+ 1. It then follows from (0) that 
V(q = 0) = 0, which means that the volume integral of the Goldstone boson exchange 
(GBE) interaction should vanish, 



This sum rule is not valid in the chiral limit, however, where fi = and, hence, Do(q = 
0) = oo. Since at big interquark separations the spin-spin component of the pseudoscalar- 
exchange interaction is V(r) ~ s — , it then follows from the sum rule above that at short 




(1) 




(2) 



3 



interquark separations the spin-spin interaction should be opposite in sign as compared 
to the Yukawa tail and very strong. It is this short-range part of the Goldstone boson 
exchange (GBE) interaction between the constituent quarks that is of crucial importance 
for baryons: it has a sign appropriate to reproduce the level splittings and dominates over 
the Yukawa tail towards short distances. In a oversimplified consideration with a free 
Klein-Gordon Green function instead of the dressed one in (|I|) and with F(q 2 ) = 1, one 
obtains the following spin-spin component of Q — Q interaction: 

In the chiral limit only the negative short-range part of the GBE interaction survives. 

Consider first, for the purposes of illustration, a schematic model which neglects the ra- 
dial dependence of the potential function V(r) in and assume a harmonic confinement 
among quarks as well as m u = = m s . In this model 

H X = -T,C X \? -Xf (4) 

i<j 

Note, that contrary to the color-magnetic interaction from perturbative one-gluon ex- 
change, the GBE interaction is explicitly flavor- dependent. It is this circumstance which 
allows to solve the long-standing problem of ordering of the lowest positive-negative parity 
states. 

If the only interaction between the quarks were the flavor- and spin-independent har- 
monic confining interaction, the baryon spectrum would be organized in multiplets of the 
symmetry group SU (6)fs x ^ (6) C onf- In this case the baryon masses would be determined 
solely by the orbital structure, and the spectrum would be organized in an alternative 
sequence of positive and negative parity states, i.e. in this case the spectrum would be: 
ground state of positive parity (N = shell, N is the number of harmonic oscillator exci- 
tations in a 3-quark state), first excited band of negative parity (N = 1), second excited 
band of positive parity (N — 2), etc. 

The Hamiltonian ([|), within a first order perturbation theory, reduces the S77(6)fs x 
£^(6)conf symmetry down to SU(3)p x SU(2) S x {7(6) con f, which automatically implies a 
splitting between the octet and decuplet baryons (e.g. the A resonance becomes heavier 
than nucleon). 

Let us now see how the pure confinement spectrum above becomes modified when the 
GBE Hamiltonian (^) is switched on. For the octet states N, A, S, H (N = shell) as 
well as for their first radial excitations of positive parity N(1440), A(1600), £(1660), S(?) 
(N = 2 shell) the expectation value of the Hamiltonian (f|) is — 14C X . For the decuplet 
states A, £(1385), H(1530), Q (N = shell) the corresponding matrix element is — 4C X . 
In the negative parity excitations (N = 1 shell) in the N, A and £ spectra (N(1535) - 
N(1520), A(1670) - A(1690) and £(1750) - £(?)) the contribution of the interaction (§ 
is — 2C X . The first negative parity excitation in the A spectrum (N = 1 shell) A(1405) 
- A(1520) is flavor singlet and, in this case, the corresponding matrix element is — 8C X . 
The latter state is unique and is absent in other spectra due to its flavor- singlet nature. 

These matrix elements alone suffice to prove that the ordering of the lowest positive 
and negative parity states in the baryon spectrum will be correctly predicted by the 
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chiral boson exchange interaction @. The constant C x may be determined from the 
N— A splitting to be 29.3 MeV. The oscillator parameter %u, which characterizes the 
effective confining interaction, may be determined as one half of the mass differences 
between the first excited | + states and the ground states of the baryons, which have the 
same flavor-spin, flavor and spin symmetries (e.g. N(1440) - N, A(1600) - A, £(1660) - 
£), to be Kuj ~ 250 MeV. Thus the two free parameters of this simple model are fixed 
and we can make now predictions. 

In the N, A and £ sectors the mass difference between the lowest excited | + states 
(N(1440), A(1600), and £(1660)) and \~ - \~ negative parity pairs (N(1535) - N(1520), 
A(1670) - A(1690), and £(1750) - £(?), respectively) will then be 

N,A,£: m(^ + )-m(i - ^ ) = 250 MeV - C x (14 - 2) = -102 MeV, (5) 
whereas for the lowest states in the A system (A(1600), A(1405) - A(1520)) it should be 

A: m(i + )-m(- - - ) = 250 MeV - C x (14 - 8) = 74 MeV. (6) 
2 2 2 

This simple example shows how the GBE interaction provides different ordering of the 
lowest positive and negative parity excited states in the spectra of the nucleon and the A- 
hyperon. This is a direct consequence of the symmetry properties of the boson-exchange 
interaction Namely, completely symmetric FS state in the N(1440), A(1600) and 
£(1660) positive parity resonances from the N = 2 band feels a much stronger attractive 
interaction than the mixed symmetry state in the N(1535) - N(1520), A(1670) - A(1690) 
and £(1750) -£(?) resonances of negative parity (N = 1 shell). Consequently the masses 
of the positive parity states N(1440), A(1600) and £(1660) are shifted down relative to the 
other ones, which explains the reversal of the otherwise expected "normal ordering". The 
situation is different for A(1405) - A(1520) and A(1600), as the flavor state of A(1405) - 
A(1520) is totally antisymmetric. Because of this the A(1405) - A(1520) gains an attractive 
energy, which is comparable to that of the A(1600), and thus the ordering suggested by 
the confining oscillator interaction is maintained. 

Note that the problem of the relative position of positive-negative parity states cannot 
be solved with other types of hyperfine interactions (the colour-magnetic and instanton- 
induced ones). 

3. Semirelativistic Chiral Constituent Quark Model 

In the semirelativistic chiral constituent quark model || the dynamical part of the 
Hamiltonian consists of linear pairwise confining interaction and the GBE interaction, 
which includes both the short-range part, parametrized phenomeno logically, of the form ~ 
— A 2 ^-^, and the long-range Yukawa tail. Both the flavor-octet (ir, K, rj) and flavor-singlet 
(r/) meson exchanges are taken into account. The coupling constant of the flavor-octet 
mesons to constituent quarks is fixed from the known pion-nucleon coupling constant, 
while the ?/-quark coupling constant is treated phenomenologically. 

The kinetic-energy operator is taken in relativistic form, H = J2i=i \fiPi + m f)- The 
semirelativistic three-quark Hamiltonian was solved along the stochastical variational 
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method |J in momentum space. For the whole Q-Q potential the model involves a total of 
4 free parameters whose numerical values are determined from the fit to all 35 confirmed 
low-lying states. The string tension of the confining interaction can be fixed to that one 
obtained from charmonium and bottomonium spectroscopy and lattice calculations. 

In fig. 1 we present the ground states as well as low-lying excited states in N, A, A, 
E, 5, and Q spectra. From the results of fig. 1 it becomes evident that within the chiral 
constituent quark model a unified description of both nonstrange and strange baryon 
spectra is achieved in good agreement with phenomenology. 

It is instructive to learn how the GBE interaction affects the energy levels when it is 
switched on and its strength is gradually increased (Fig. 2). Starting out from the case 
with confinement only, one observes that the degeneracy of states is removed and the 
inversion of ordering of positive and negative parity states is achieved in the A" spectrum, 
as well as for some states in the A spectrum, while the ordering of the lowest positive- 
negative parity states is opposite in A" and A spectra. The reason for this behaviour is 
the flavor-spin structure and sign of the short-range part of GBE. 

It is clear that the Fock components QQQn, QQQK, QQQi], and QQQrj' (including 
meson continuum) cannot be completely integrated out in favour of the meson-exchange 
Q — Q potentials for some states above or near the corresponding meson thresholds. Such 
components in addition to the main one QQQ could explain e.g. an exceptionally big 
splitting of the flavor singlet states A(1405) — A(1520), since the A(1405) lies below the 
KN threshold and can be presented as KN bound system 0. Note, that in the case of 
the present approach this old idea is completely natural and does not contradict a flavor- 
singlet QQQ nature of A(1405), while it would be in conflict with naive constituent quark 
model where no room for mesons in baryons. An admixture of such components will be 
important in order to understand strong decays of some excited states. While technically 
inclusion of such components in addition to the main one QQQ in a coupled-channel 
approach is rather difficult task, it should be considered as one of the most important 
future directions. 

What is an intuitive picture of the nucleon in the low-energy regime? Due to some 
complicated nonperturbative gluodynamics quarks and antiquarks in the nucleon sea are 
strongly correlated into virtual Goldstone bosons. These Goldstone bosons in turn couple 
to valence quarks. Thus the nucleon consists mostly of 3 constituent quarks which are 
very big objects due to their meson clouds (see fig. 3). These constituent quarks are all 
the time in strong overlap inside the nucleon. That is why the short-range part of GBE 
interaction (which is represented by the contact term in the oversimplified representation 
(|3|)) is so crucially important inside baryons. When constituent quarks are well separated 
and there is a phase space for pion propagation, the long-range Yukawa tail of GBE 
interaction as well as the correlated two-pion exchanges become very important. It is 
these parts of meson exchange which produce the necessary long- and intermediate-range 
attraction in two-nucleon system. 

4. The Baryon-Baryon Interaction in a Chiral Constituent Quark Model 

So far, all studies of the short-range AW interaction within the constituent quark model 
were based on the one-gluon exchange interaction between quarks. They explained the 



6 



M 
[MeV] 



1800- 
1700- 
1600- 
1500- 
1400- 
1300- 
1200- 
1100- 
1000- 
900- 



I I 



T" 



T 



"i 1 1 r 

1+ l- 3+ 3~ 5+ 5" 
2 2 2 2 2 2 



N 



~~ i 1 r 

1- 3+ 3" 
2 2 2 



~ i 1 1 1 1 r 

1+ 1- 3+ 3~ 5+ 5" 
2 2 2 2 2 2 



A 



A 



1800- 
1700- 
1600- 
1500- 

M 

[MeV] 140 °- 
1300- 

1200- 

1100- 

1000- 

900- 



~~ i 1 1 1 r 

1+ l- 3+ 3- 5- 
2 2 2 2 2 



~~ 1 1 1 T 

1+ l- 3+ 3- 
2 2 2 2 



2 

n 



Figure 1. Energy levels of the lowest light and strange baryon states (below 1850 MeV) 
with total angular momentum and parity J p '. The shadowed boxes represent the experi- 
mental values with their uncertainties. 
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Figure 2. Level shifts of some lowest baryons as a function of the strength of the GBE. 
Solid and dashed lines correspond to positive- and negative-parity states, respectively. 




Figure 3. Nucleon as it is seen in the low-energy and low-resolution regime. 
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short-range repulsion in the NN system as due to the colour-magnetic part of OGE com- 
bined with quark interchanges between 3Q clusters M. It has been shown, however, that 
there is practically no room for colour-magnetic interaction in light baryon spectroscopy 
and any appreciable amount of colour-magnetic interaction, in addition to GBE, destroys 
the spectrum |J. This conclusion is confirmed by recent lattice QCD calculations JTOj. If 
so, the question arises which interquark interaction is responsible for the short-range NN 
repulsion. Below I show that the same short-range part of GBE which causes e.g. N — A 
splitting and produces good baryon spectra, also induces a short-range repulsion in NN 



system when the latter is treated as 6Q system |L2[ . 

At present one can use only a simple nonrelativistic s 3 ansatz for the nucleon wave 
function when one applies the quark model to NN interaction. Thus one needs first an 
effective nonrelativistic parametrization of GBE interaction which would provide correct 
nucleon mass, N — A splitting and the nucleon stability with this ansatz. For that one can 



use the nonrelativistic parametrization JTTJ which satisfies approximately the conditions 
above. 

In order to have a qualitative insight into the NN interaction it is convenient to use 
an adiabatic Born-Oppenheimer approximation for the internucleon potential: 

V NN (R) =<H> R -<H >00 , (7) 

where R is a collective coordinate which is the separation distance between the two s 3 
nucleons, < H >r is the lowest expectation value of the 6Q Hamiltonian at fixed R, 
and < H >oo is a mass of two well-separated nucleons (2m n) calculated with the same 
Hamiltonian. 

At the moment we are interested in what is the NN interaction at zero separation 
between nucleons. It has been proved by Harvey that when R — > 0, then in both 3 S\ 
and 1 5'o partial waves in the NN system only two types of orbital 6Q configurations sur- 
and |s 4 p 2 [42] >, where [f] is Young diagram, describing spatial 
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permutational symmetry in 6Q system. There are a few different flavor-spin symme- 
tries, compatible with the spatial symmetries above: [6]o[33]_fs, [42]o[33] j ps, [42]o[51]fs, 
[42]o[411] FS , [42] [321] FS , and [42] [2211] FS . Thus, in order to evaluate the NN interac- 
tion at zero separation between nucleons it is necessary to diagonalize a 6Q Hamiltonian 
in the basis above and use the procedure (0). 

From the adiabatic Born-Oppenheimer approximation (|7|) we find that Vnn{R = 0) 
is highly repulsive in both 3 S\ and 1 Sq partial waves, with the core being of order 1 
GeV. This repulsion implies a strong suppression of the NN wave function in the nucleon 
overlap region. 

Due to the specific flavor-spin symmetry of GBE interaction between quarks the config- 
uration s 4 p 2 [42]o[51]fs becomes highly dominant among other possible 6Q configurations 
at zero separation between nucleons (however, the "energy" of this configuration is much 
higher than the energy of two well-separated nucleons, that is why there is a strong short- 
range repulsion in NN system). The symmetry structure of this dominant configuration 
induces "an additional" effective repulsion, related to the "Pauli forbidden state" in this 



case, and the s-wave NN relative motion wave function has a node at short range |I4]. The 



existence of a strong repulsion, related to the energy ballance, discussed above, suggests, 
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however, that the amplitude of the oscillating iViV wave function at short range will be 
strongly suppressed as compared to that one of Moscow potential J15 . 



Thus, within the chiral constituent quark model one has all the necessary ingredients 
to understand microscopically the NN interaction. There appears strong short-range 
repulsion from the same short-range part of GBE which also produces hyperfine splittings 
in baryon spectroscopy. The long- and intermediate-range attraction in the NN system 
is automatically implied by the Yukawa part of pion-exchange and correlated two-pion 
exchanges between quarks belonging to different nucleons. With this first encouraging 
result, it might be worthwhile to perform a more elaborate calculation of NN and other 
baryon-baryon systems within the present framework. 

What will be a short-range interaction in other YN and YY systems? In the chiral 
limit there is no difference between all octet baryons: N, A, E,S. Thus if one explains a 
strong short-range repulsion in NN system as related mostly to the spontaneous breaking 
of chiral symmetry, as above, then the same short-range repulsion should persist in other 
YN and YY systems. Of course, due to the explicit chiral symmetry breaking the strength 
of this repulsion should be essentially different as compared to that one in NN system. 
One can naively expect that it will be weaker. 



5. "H-particle" should not exist 

Assuming that the colour-magnetic interaction is a reason for hyperfme splittings in 
baryons, Jaffe has predicted within the MIT bag model that there should be well bound 
dibaryon in A A system with J p = + , called H-particle In this specific case the 

colour-magnetic interaction in 6q system becomes the most attractive and implies an 
existence of well-bound dibaryon, stable against AA strong decay, since it should be well 
below this threshold. The H-particle should be a compact object in contrast to molecule- 
like state of nuclear nature - deuteron. 

The quark-cluster calculations which rely on the constituent quark model with a hy- 
brid Hamiltonian (colour-magnetic interaction at short range and meson-exchange at big 
distances) confirm this conclusion. With a simple resonating group method variational 



ansatz they predict H-particle binding energy of order of 20 or even 60-120 MeV [17 |. 
However, a simple variational basis, used in these calculations, is rather poor at short 
range (i.e. in 6Q region). As soon as it is properly extended, a very deep bound state 
with binding energy of about 250 MeV has recently been found jT8| . 

Within our approach to baryon structure the situation is qualitatively different. We 
have calculated the "energy" of what would be H-particle and found it to be about 800 
MeV above the AA threshold 119"] . It then obviously suggests that there should not be 
H-dibaryon in Nature, if our picture is adequate. Thus the "H-particle" channel is not 
qualitatively different as compared to other two-baryon systems. 

This result is easy to anticipate from the symmetry properties. Only if the colour- 
magnetic interaction is important for the hyperfine splittings, like it is assumed in bag 
models or in traditional constituent quark model, one could expect that the [33] cs colour- 
spin symmetry of the compact 6Q object (which is uniquely determined by the flavour- 
singlet nature of "H-particle") is energetically more favourable than two well-separated 
Lambdas. As soon as other physics, like in our case, is responsible for hyperfine splittings 
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in baryons, then the "H-particle" channel is not energetically distinguished. So from 
this point of view a nonobservation of "H-particle" in different experiments, extensively 
discussed at this conference, gives an additional evidence against the colour-magnetic 
nature of the hyperfme splittings in light and strange baryons. 
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